Surface x-ray diffraction experiments reveal that, in cobalt-doped ZnO films two to five monolayers thick, Wurtzite-type CoO nanocrystals are coherently embedded within a hexagonal boron-nitride-(h-BN)-type ZnO matrix, supporting the model of a phase separation. First-principles calculations confirm that, in contrast with ZnO, the formation of h-BN-type CoO is unfavorable in the ultrathin film limit. Our results are important for understanding magnetic properties of transition metal-doped semiconductors in general. DOI: 10.1103/PhysRevLett.102.156102 PACS numbers: 68.47.Gh, 61.05.cp, 75.75.+a Almost a decade has passed since the first prediction [1] and experimental observation [2] of ferromagnetism (FM) in transition metal (TM)-doped zinc oxide (ZnO). Nevertheless, the physical mechanisms underlying ferromagnetic order in these systems are still elusive, although in the meantime some consensus exists that ferromagnetic ordering might be intrinsic in nature and not simply related to the precipitation of metallic clusters.
Almost a decade has passed since the first prediction [1] and experimental observation [2] of ferromagnetism (FM) in transition metal (TM)-doped zinc oxide (ZnO). Nevertheless, the physical mechanisms underlying ferromagnetic order in these systems are still elusive, although in the meantime some consensus exists that ferromagnetic ordering might be intrinsic in nature and not simply related to the precipitation of metallic clusters.
Parallel to spectroscopic evidence that TMs are substituting Zn cations in the Wurtzite (WZ)-type ZnO structure [3] [4] [5] [6] , several mechanisms for the stabilization of FM were developed, involving an indirect carrier-mediated exchange mechanism [1] , the percolation of polarons [7] , or the presence of uncompensated spins at the surface of nanocrystals [8] .
Cobalt-doped ZnO (Zn 1Àx Co x O) with a cobalt concentration x ¼ 0:05-0:25 represents an archetype system for the class of TM-doped semiconductors, but, as compared to the abundance of theoretical and experimental studies on the preparation and magnetic properties, no thorough investigation of its atomic geometry has been carried out thus far. X-ray diffraction (XRD) and transmission electron microscopy (TEM) studies on Zn 1Àx Co x O films several tens to hundreds of nanometers thick were aiming at basic information about the absence or presence of metallic precipitates and the growth of the WZ phase [9, 10] . On the other hand, possible spintronic applications require controlled growth and precise knowledge of the near interface atomic geometry, since it is crucial for the device properties and for the structure of the subsequently deposited film. This has recently been demonstrated in the case of seemingly simple pure ZnO films, in which a hexagonal boron-nitride (h-BN) structure within the first monolayers (ML) adjacent to the Ag(111) surface was found [11] .
In this Letter, we report on an in situ surface x-ray diffraction (SXRD) study on several monolayer-thick Zn 0:75 Co 0:25 O films on Ag(111). The film structure is dramatically different from a random alloy commonly assumed: WZ-type CoO nanocrystals are coherently embedded within the ZnO host. The latter adopts the h-BNlike structure within the first layers next to the Ag(111) surface and changes to the WZ-type structure after about four layers. The experimental observations are in agreement with first-principles calculations indicating that in the ultrathin film limit CoO does not crystallize in the h-BN structure as ZnO does, which allows the direct identification of the two separated phases by SXRD. Our study supports the recent proposed model of a phase separation to explain the weak ferromagnetic signatures of doped ZnO films and other systems [8, 12, 13] .
The experiments were carried out at the beam line ID32 of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The films were deposited on Ag(111) under oxygen atmosphere (pO 2 ¼ 10 À6 mbar) conditions by pulsed laser deposition using a KrF laser (248 nm) from a stoichiometric target (deposition rate F ¼ 0:017 ML per pulse) followed by annealing up to 650 K to improve long range order. Five independent samples were prepared with a thickness between 2 and 6 ML. The sample composition was analyzed by Auger-electron spectroscopy (AES) confirming a Co concentration in the 20%-25% range.
The SXRD experiments were carried out in situ at a wavelength of ¼ 0:55 # A under grazing incidence ( i ¼ 0:2 ) of the incoming beam, well above the critical angle of total reflection (%0:1 ). Figure 1 compares longitudinal scans along the b Ã axis showing the first-order reflection positions of a pure ZnO-and a Co-doped film, both about 3 ML thick. The scan is indicated by the arrow in the inset. The peak positions can be determined with high precision using the first-order substrate reflection at b Ã ¼ 1 reciprocal lattice units (rlu) as a reference. While the peak of pure ZnO at k ¼ 0:875 rlu corresponds to a 7=8 coincidence lattice on Ag(111) with a spacing of a ¼ b ¼ 3:30 # A [11] , the lattice spacing of Zn 0:75 Co 0:25 O is contracted to
A (peak at k ¼ 0:883 rlu) due to the incorporation of the smaller Co atom into the film. There is no evidence for any asymmetric peak broadening, which allows one to rule out a large scale (!20 nm) ZnO=CoO phase separation.
The quantitative structure analysis was carried out by collecting reflection intensities along the rods up to a maximum momentum transfer of q z ¼ 7 rlu corresponding to q z ¼ 6:22 # A À1 . As a representative example, we discuss a 5 ML film. Symbols in Fig. 2 represent the structure factor intensities jFðhk'Þj 2 along several rods (hexagonal indexing), which were derived from integrated intensities after correcting for geometric factors [14, 15] . Error bars correspond to standard deviations derived from the counting statistics and the reproducibility of symmetry equivalent reflections, which are within the 10%-15% range. Solid lines represent the best fit using the structure model discussed below. The best fit quality is characterized by the unweighted residuum (R u ) or the goodness of fit (GOF) [16] . Excellent values of R u ¼ 0:14 and GOF ¼ 1:27 were achieved.
Because of the high symmetry of the structure (plane group p3m1), only the z positions of the atoms within the unit cell need to be refined. Within each layer, oxygen and metal atoms occupy the positions ð0; 0; zÞ and ð2=3; 1=3; z þ uÞ or vice versa, changing layer by layer. In the following, u is multiplied by the lattice parameter c to obtain a parameter with dimension ''length'' (uc). For pure ZnO it was shown recently that within the first layers uc adopts small values of uc ¼ 0:2 AE 0:2 # A. This is close to the value of the h-BN structure (uc ¼ 0:0 # A) [11] . With increasing distance from the substrate, layers become WZ-like (uc ¼ 0:63 # A). The Zn 0:75 Co 0:25 O films differ from those of pure ZnO in that the structure is characterized by a strong out of plane disorder of the atoms within the first 4-5 layers next to the substrate. As will be shown in the following, the vertical displacements are so large (%0:9 # A) that they must be attributed to static rather than to thermal disorder. In the SXRD analysis, the cation sites are identified as split into two distinct positions which are attributed to separated regions of ZnO and CoO.
A direct space image of the disorder at a given atomic site is obtained from the Fourier transformation (FT) of the atom's displacement factor TðqÞ, equivalent to the DebyeWaller damping factor in the case of harmonic thermal or static disorder (q represents the scattering vector). In the present case, a satisfactory description of the disorder requires the consideration of third-order anharmonic contributions to the Debye-Waller damping factor by using the Gram-Charlier (GC) series development:
Here T H ðqÞ ¼ expðÀ8 2 U kl q k q l Þ is the harmonic (H) Debye-Waller factor containing the mean squared displacement amplitudes U kl and the components q j (j ¼ 1; 2; 3) ofq (for more details, see Ref. [18] ).
The FT of T GC ðqÞ yields the probability density function [PDFðũÞ] of the atom in real space. While in the harmonic approximation PDFðũÞ is a trivariate Gaussian function represented by an ellipsoid, anharmonic contributions account for deviations from the ellipsoidal shape. The results of the refinement [19] related to the first layer metal site, where the effect is most pronounced, are outlined in the following.
The PDF [see Fig. 3 (a)] directly shows that the site is split into two distinct positions. Using the PDF maxima as a reference, the vertical separation of the peaks is about 1.3 Å . Because of the anharmonic potential and truncation errors, this value cannot directly be identified with the separation between the atoms [18] . The square root of the harmonic term ( ffiffiffiffiffiffiffiffi U 33 p ¼ 0:7 # A) represents a good estimate. This value is in reasonable agreement with the separation (0:9 AE 0:3 # A) which is found in the harmonic approximation, when the z positions of two atoms with identical (x and y) but independent z coordinates are refined. Second, the integrated peak intensity of the lower PDF peak is about 2.5 times larger than that of the upper one, consistent with the AES-derived 75:25 Zn to Co ratio. The lower and upper sites are therefore identified as occupied by Zn and Co, respectively.
Very similar PDFs are also obtained for the second and third layers, while for subsequent layers the disorder rapidly decreases approaching values of the order of magnitude of isotropic thermal disorder (U % 0:01 # A 2 ). Neglecting anisotropic disorder by allowing only for an overall isotropic value of ffiffiffiffiffiffi ffi U ii p ¼ 0:1 # A (i ¼ 1; 2; 3), the jFðhk'Þj 2 values shown as red dashed lines are calculated, strongly deviating from the experimental ones, especially at high q z (Fig. 2) .
On the basis of these results, a model can be constructed, in which the film consists of separated regions of ZnO and CoO. The basic characteristics are outlined in Fig. 3(b) , which shows the structure near a CoO=ZnO interface in a projection to the b-c plane. The lowest layer labeled as (1) is next to the Ag(111) surface. Oxygen and metal atoms are represented as large and small spheres, respectively. The structure is characterized by regions of WZ-type CoO (right) coexisting with the ZnO host matrix (left). While CoO exists in the WZ-type structure with about uc ¼ 0:6 AE 0:2 # A in all layers, the ZnO phase undergoes a transition from the h-BN-type structure to the WZ-type structure within the first 4-5 layers next to the substrate [11] . Since in these two structure types the metal site resides at a markedly different height (Áuc) above the plane of the oxygen atoms, the vertical positions of the metal site appear as strongly disordered, because SXRD provides a space average of the structure. The oxygen atoms also exhibit disorder, although less pronounced. All distances across the interface are within 5% (0.1 Å ) of the bulk values. The matching across the interface mainly involves changes of the bond angles rather than changes of the bond distances.
No quantitative information exists about size and distribution of the CoO crystals within the ZnO matrix, but a scenario of a ZnO=CoO separation with crystal sizes in the range larger than 20 nm can be ruled out by the absence of any asymmetric line broadening in the longitudinal scan (see Fig. 1 ). On the basis of the structure model which indicates distinct metal positions, a random alloy model (RAM) cannot be constructed. The RAM corresponds to a 25%:75% weighted ''superposition'' of the CoO and ZnO phases, involving nonphysically low metal-oxygen distances, many of them even below 1.5 Å .
The SXRD analysis provides several more details, some of which are shortly summarized (a thorough presentation will be published elsewhere): [20] [21] based on their concept of the ''directionality'' of the bonds. Since in CoO the metal-oxygen bond is more ionic than in ZnO, bulk CoO crystallizes in the sodium-chloride structure characterized by an octahedral coordination. By contrast, the less ionic ZnO crystallizes in the WZ structure with tetrahedral coordination involving more directed bonds. As shown in this study as well as in a recent low energy electron diffraction investigation [22] , CoO can be stabilized in the WZ structure, but a further increase of the directionality of the bonds involved by the transition to the planar trigonal coordination in the h-BN structure is tolerated only by ZnO, not by CoO. This qualitative picture is confirmed quantitatively by first-principles calculations using the Vienna Ab Initio Simulation Package (VASP), well known for providing precise total energies and forces [23] .
We first investigated the transition from the WZ to the h-BN structure for bulk ZnO as well as for CoO. As pointed out by Limpijumnong and Lambrecht [24] , the WZ to h-BN transition follows a homogeneous transfor- Calculations were also carried out for 4 ML-thick ZnO and CoO films on Ag(111) represented by a 7 ML-thick slab. Apart from the in-plane lattice parameter a ¼ 3:27 # A, all positions were relaxed using the generalized gradient approximation. Values for uc of the first three layers are shown in Fig. 4 as open squares (ZnO) and triangles (CoO), respectively. In agreement with experiment, uc is almost zero for ZnO [11, 25] . For CoO we find values between 0.1 and 0.3 Å , somewhat smaller than in experiment (0:6 AE 0:2 # A) but indicating that ZnO and CoO adopt different structures (h-BN and WZ) at the interface. As compared to the bulk, the uc versus c dependencies of the films are shifted to larger values of c. We find c ¼ 4:4-4:7 # A in good agreement with experiment (note that c corresponds to 2 times the spacing between layers).
Our results are important in the context of current theories explaining magnetic properties in TM-doped semiconductors in general. Recently, it was proposed that a phase separation occurs in doped ZnO and in other systems [8, 12, 13] , in which the phase containing the magnetic impurity is coherently embedded into the nonmagnetic host. According to our first-principle simulations for all phases represented in Fig. 4 , CoO is antiferromagnetic (AF) with a local magnetic moment in the 2:6-2:8 B range. Although it was proposed that uncompensated spins at the surface of AF CoO nanoislands might be responsible for the spontaneous magnetization in ZnCoO alloys, until now a clear-cut experimental proof for a CoO=ZnO phase separation was missing. This is due to the very similar geometric structure and electron densities of the phases involved, hardly accessible by standard XRD or TEM experiments. Our study has provided evidence that nanoassembling of CoO within the ZnO host matrix does occur supporting the phase decomposition model. It might be a more general phenomenon and should also be considered in future studies on diluted magnetic semiconductors.
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